
Rare-earth Ferrimagnet based Multilayers [1] 

Rare-earth ferrimagnetic thin films have been key materials for magneto-optical recording 3 
decades ago. Fig. 1 shows an early magnetic force microscopy study [2] of the contrast rever-
sal of bits on a commercial magneto-optical disk. 

 

 

 

Figure 1: Static MFM measurement [2]. A topography of a magneto-optical disk (MOD). B 3D rendered 
image of the topography displayed in A. C static mode MFM data. D MFM data (C) overlaid to the 
topography (B). E MFM contrast as a function of sample temperature. Example MFM data is displayed 
in the three inset figures. For temperatures T > Tcomp = 391 K the sample magnetization is dominated 
by the CoFe, i.e. MCoFe > MTbFeCo. Tcomp is the compensation temperature.  

 

With rapid development of the storage density of the magnetic hard disks and the growing 
importance of solid-state memory in personal computing, tablets and smartphones, the mag-
netism community rapidly lost interest in rare-earth ferrimagnetic thin films.  

However, recent discoveries showed that these materials can be used to obtain a giant ex-
change bias effect [3,4], all optical magnetic writing [5-8], and ultra-fast domain wall devices 
[9,10] , making this class of thin film materials has relevant topic for the current research. With 
early work on giant exchange bias [3] we have been among the first groups to focus again on 
these materials.  

First work addressed the giant exchange bias effect that can be obtained with rare-earth tran-
sition metal ferrimagnets [3]. To obtain a conventional exchange bias effect, a ferromagnetic 
film is exchange coupled to an antiferromagnetic thin film (see section on exchange bias). 
Biasing (a lateral shift of the magnetization loop such that one magnetization is preferred com-
pared to the other) then arises from anchoring the ferromagnet’s magnetization in the antifer-
romagnet, by coupling it to uncompensated spins [11] of the latter, which remain pinned in 
applied fields [12] and at sufficiently low temperatures. In practice, the density of pinned un-
compensated spins is small and thus coupling strength and consequently also the exchange-
bias are weak. In our work [3], we reported the observation of large exchange-bias in a per-
pendicular system using an amorphous Tb-Fe ferrimagnet and a Co/Pt multilayer. Because 
the Tb moments are expected to align antiparallel to the Fe and Co moments, and, consist-
ently, the Fe moments would align parallel to Co ones, we expect the ferrimagnetic-ferromag-
netic coupling to be largely frustration-free and hence strong.  



 

Figure 2: A Magnetometry of a TbFe40nm[Co0.4nmPt0.7nm]x5 sample at selected temperatures. Inset: zoom-
in on the 280 K loop. The shaded area measures the energy required to magnetize the ferromagnet at 
that temperature and estimates the strength of its coupling to the ferrimagnet. B Exchange-bias as a 
function of temperature for a conventional MnIr-based system (empty circles) and a TbFe-ferrimagnet 
based system, (filled circles). For the ease of comparison, the MnIr-system data have been inverted and 
expanded by a factor of 10.  

Fig. 2A presents (minor) magnetization loops measured at 100 K, 200 K, and 280 K, whereas 
Fig. 2B shows the dependence of the exchange bias in a temperature range 7.9–280 for a 
TbFe40nm[Co0.4nmPt0.7nm]x5 (solid circles) and a conventionally exchange bias sample (empty cir-
cles). For the TbFe40nm[Co0.4nmPt0.7nm]x5 sample, an exchange-bias (µ0Hex) of 0.7 T is observed 
at 280 K. A monotonic increase is seen as the temperature is lowered in the range 7.9–280 K. 
The exchange bias saturates near 1.1 T at 7.9 K. In contrast, Hex in conventional exchange-
bias systems obtained with a MnIr antiferromagnet shows no such saturation. Hex in those 
systems increases continuously with decreasing temperature (empty markers). For ease of 
comparison, we show inverted values of µ0Hex and use a ten-fold magnified scale.  

Note that the magnitude of the exchange-bias in TbFe-based systems is an order of magnitude 
larger than in conventional systems. This observation is consistent with the view that there is 
no frustration of the coupling of the TbFe and the Co/Pt layers.  

In further work [13] the magnetization process of the soft [Pt(0.7)/Co(0.4)]×5 film coupled to the 
magnetically hard TbFe film was studied by high-resolution magnetic force microscopy at 10.5 
K. The magnetization process was found to be surprisingly complex. Instead of the conven-
tional lateral wall motion observed in the soft layer of a weakly exchange-coupled system (see 
section on exchange bias), a nucleation-dominated three-stage magnetization process show-
ing a significant spatial variation occurs. Fig. 3A to D show MFM data obtained after cooling 
the exchange-coupled bilayer system from room temperature to 10.5 K in fields from 0 to 4 T: 
In stage 1, a granular contrast pattern occurs inside the Co/Pt down domain which increases 
with the applied field (Fig. 3A and B). In stage 2, the granular contrast becomes most intensive 
and a strong evolution of the pattern occurs. Fig. 3C shows MFM data taken at a field of 
1500 mT, characteristic for stage 2 of the magnetization process. Finally, in stage 3, the con-
trast of the granular pattern becomes weaker with increasing applied field, but the pattern no 
longer changes. Fig. 3D taken at 4 T shows a typical image of this magnetization 3rd magneti-
zation stage. The characteristic magnetization structures that give rise to these observations 
can be inferred from matching the simulated MFM ∆f(r,zts)-data based on candidate micromag-
netic structures to the measured MFM data. At zero field, the magnetization of Co/Pt multilayer 
is opposite to that of the ferrimagnetic TbFe layer (Fig. 3E). The MFM contrast simulated from 
this model magnetization pattern is displayed in Fig. 3I. Apart from the weak granular structure 
of the measured image, a good agreement between simulated and measured data is obtained. 
Note that the granularity arises from grain-to-grain variations of the magnetization or the mis-
alignment of the grains’ easy axis with the z-direction which are both not considered in the 
candidate magnetization structure.  



 
 
Figure 3: Comparison of modeled (panels in the second row) and measured (panels in the third row) 
MFM data. A - D measured MFM images. E – H Schematics of candidate magnetization structures used 
for modeling the MFM contrast of the different magnetization stages. I - L Simulated MFM images ob-
tained from the candidate magnetization structures.  

In stage 1, the gradual increase of the contrast is compatible with a rotation of the initially down 
magnetic moments of Co/Pt toward the field (up) direction. Because the magnetic moments of 
the Co/Pt multilayer at the interface are pinned to the magnetic moments of the high-anisotropy 
TbFe film, the Co/Pt multilayer magnetic moments at the top surface are expected to rotate 
more than those near the interface. For the modeling of the MFM contrast, the vertical structure 
of the spin chains at any given location on the image plane is modeled by a corresponding 
spatial distribution of ”subdomain blocks” with zero magnetization, located at the top of the 
Co/Pt multilayer and reaching into different depths toward the interface (gray blocks in Fig. 3F). 
The lateral distribution of these blocks can be inferred from the granular contrast observed in 
the MFM ∆f(r,zts)-data displayed in Fig. 3B). With optimized sublayer depths, again an excel-
lent agreement between the modeled and measured MFM ∆f(r,zts)-data could be obtained.  

In stage 2, a strong increase of the contrast is accompanied with a substantial change of the 
appearance of the granular pattern. These observations are compatible with isolated Co/Pt 
grains switching their magnetization from a canted down to a canted up state (as was used in 
our modeling). This is reminiscent of a Stoner-Wohlfarth magnetization process with a field 
applied away from the easy axis where an instability of the magnetization state occurs. The 
candidate magnetization structure for stage 2 is depicted in Fig. 3G). With the latter, an excel-
lent agreement of the modeled Fig. 3K) with the measured MFM ∆f(r,zts)-contrast (Fig. 3C) 
could again be obtained.  

In the third magnetization stage (2000 mT< B ≤ 7000 mT see for example Fig. 3D), the pattern 
of the granular contrast inside the up domain no longer changes, and a reduction of its contrast 
in increasing fields is observed. This behavior is compatible with compression of an interfacial 
domain wall that forms at the bottom and top of the ferromagnetic and ferrimagnetic layers, 
respectively. As the Co/Pt multilayer approaches saturation, its magnetic moment distribution 
becomes more homogeneous and its stray field thus decays (note that the stray field of a layer 
with a homogeneous magnetization vanishes). Fig. 3H) shows the model magnetization distri-
bution to obtain the simulated MFM image displayed in Fig. 3L) with the measured data shown 
in Fig. 3D).  

To better understand the nucleation-governed magnetization process, micromagnetic model-
ing was performed by our collaborators, Dr. Christoph Vogler and Prof. Dr. Dieter Süss of the 

https://fun.univie.ac.at/person/user/suessd75/inum/1169/backpid/58989/


Vienna University. In this study, two different approaches were used. In the first approach a 
one-dimensional spin-chain model was implemented to explain the magnetization behavior of 
isolated grains. The 3-stage magnetization process inferred from the MFM observation and 
modeling of the MFM contrast could be confirmed. In the second modeling approach, a full 3D-
micromagnetic calculation was performed. The result showed that the magnetization behavior 
can be well understood with the simpler one-dimensional spin chain model and therefore jus-
tified the trivial candidate magnetization structures used for the simulation of the observed 
MFM images.  

Recent work submitted by Dr. Christoph Vogler [14], the occurrence of completely reversible, 
hysteresis-free minor loops of [Co(0.2)/Ni(0.4)/Pt(0.6)]N multilayers exchange-coupled to a 
20 nm thick ferrimagnetic Tb28Co14Fe58 layer was demonstrated. In addition, a detailed theo-
retical investigation by means of micromagnetic simulations done which resulted in an analyt-
ical derivation for the condition of the occurrence of full reversibility in magnetization reversal.  

In further a work [15], which was recently submitted, we address “Pervasive artifacts revealed 
from magnetometry measurements of rare earth-transition metal thin films”. We found that a 
class of artifacts manifesting as soft magnetic components in magnetometry measurements of 
rare earth-transition metal (TbFe) thin films prepared by magnetron sputtering. These artifacts 
are not inherent to TbFe, but are a direct result of the manner in which the substrates are 
mounted prior to sample fabrication, with material deposited at the substrate sides giving rise 
to a significant magnetic moment. We found the same artifacts to also be present in rare earth-
free [Co/Pt] multilayers. Trying to suppress the appearance of this type of artifacts has an in 
influence on the coercivity and, in some cases, on the shape of the reversal curves. Care 
needs to be taken during fabrication to ensure reliable and reproducible samples so that sen-
sitive magnetic parameters, such as coercivity and compensation points, can be extracted ac-
curately and that data is not misinterpreted for even more complex systems. This type of arti-
fact is not limited to the samples prepared by sputtering, but can extend to other conventional 
thin-film deposition methods. 
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